Successful deployment of tidal energy converters relies on access to accurate and high resolution numerical assessments of available tidal stream power.
The influence of waves on the tidal kinetic energy resource at a tidal stream energy site.
Introduction
Among the different sources of marine renewable energy, the kinetic power of tidal currents has, because of its astronomical origin, the major advantages of being predictable. In addition to their predictability, tidal stream devices, which generally take the form of horizontal axis turbines [1] , have the advantage of a reduced visual impact which is helpful for public acceptance, partic-ularly by coastal users and communities. Tidal stream technologies are thus developing very rapidly with several projects in the process of pre-commercial full-scale testing, including the twin rotor SeaGen device in Strangford Lough (Northern Ireland), the Andritz Hydro turbine off Kvalsund (Norway), the OpenHydro turbines off Paimpol-Bréhat (France), or the Sabella device near the isle of Ushant (France) [2] . Successful device deployment relies however on access to accurate and refined assessments of available tidal stream power.
Numerical modelling tools are most of the time retained for the site selection process at the scale of continental shelves [3, 4] or locations identified for array implementation [5, 6, 7, 8] . However, whereas model predictions provide developers with key information for optimizing design and implementation of tidal energy converters [9] , influences of meteorological forcings such as wind-generated surface-gravity waves on available tidal stream power are rarely considered in such studies.
Waves may however significantly impact tidal currents [10] and associated kinetic energy through two well-known major non-linear processes: interaction of wave and current bottom boundary layers [11] , and the generation of wave-driven currents [12] . An increase in the apparent bottom friction felt by currents above the wave boundary layer may thus lead to a significant reduction of near-bottom velocity by up to 20 % during storm events [13] . The additional forcing of waves in regions of wave breaking creates radiation stress gradients, which may drive strong currents and modulate tidal circulations [14] . As tidal power density varies with the cube of velocity, more significant effects are expected on available tidal kinetic energy. Taking into account the variability of wave power over exposed continental shelves [15, 16, 17] , waves may finally significantly affect variability and predictability of tidal stream power.
Nevertheless, whereas numerous numerical investigations have focused on the effects of waves on near-bottom tidal currents to improve predictions of hydrodynamic components and associated transport of sediment, temperature and salinity [18, 19, 20] , little effort has been devoted to wave-induced variations of available tidal kinetic energy resource. In the field of marine renewable energy, much more effort has been invested in characterising fatigue and loading induced by waves upon devices, focusing on potential failure and reduced performance [21, 22, 23, 24] or investigating the effect of tidal currents on wave power [25, 26, 27] . The only major studies on this topic have been conducted by Lewis et al. [28] and Hashemi et al. [29] . Nevertheless, whereas Lewis et al. [28] exhibited a reduction of the theoretical tidal resource by 10 % for every metre increase in wave height, their numerical investigation was applied to an idealized headland case study, parameterised by the typical tide and wave conditions expected at tidal stream energy sites.
A real application was performed by Hashemi et al. [29] to the planned tidal stream array off the north-western coast of Anglesey (UK) exhibiting a reduction in tidal stream power by 20 % for extreme winter waves. But predictions were established relying on depth-averaged circulation models, neglecting the complex three-dimensional (3D) tidal circulation associated with tidal flow separation in the wake of islands [30] . While models' performances were assessed against in-situ observations, improvements of numerical predictions reached by the integration of waves effects were disregarded.
The present study extends numerical investigations of waves effects on 4 available tidal kinetic energy relying on (1) a 3D tidal circulation model applied to a real planned tidal stream array, and (2) in-situ observations of hydrodynamic components. A method is proposed for the coupling between a 3D circulation model and a phase-averaged wave model focusing on isolated or combined effects of wave radiation stresses and enhanced bottom friction.
Numerical results are compared with in-situ measurements, which confirms improved performances in predictions of tidal stream power by the integration of waves effects. Besides an evaluation of this numerical method of broader interest for applications in wave-exposed regions, the present investigation quantifies the temporal and spatial effects of waves on tidal kinetic energy providing a first detailed analysis of the complex interactions between tidal currents, waves-driven circulation and modified bottom friction. These results promote finally the inclusion of waves effects for a refined assessment of the variability of tidal stream power in locations identified for array implementation.
The site of application is the Fromveur Strait off western Brittany ( Fig.   1 ) considered, after the Alderney Race in the English Channel, to be the second largest French tidal stream resource, with a potential power estimated between 300 and 500 MW (section 2.1). Models predictions are evaluated against available observations of wave parameters (significant wave height, peak period and mean wave direction) and current amplitude and direction 10 m above the seabed (the assumed technology hub height for the region considered) (section 2.2). The modelling approach is based on a high-resolution 3D circulation model modified for coupling with simulations generated by a phase-averaged wave model (sections 2.3 and 2.4). The comparison be-5 tween predictions and in-situ observations (section 3.1) exhibits the local and synoptic effects of waves on available tidal kinetic energy resource over a spring-neap cycle (section 3.2). A detailed analysis of these predictions is finally conducted for stationary offshore wave conditions quantifying the modulations of tidal stream power for both mean and extreme events (section 3.3). Figure 1 : Bathymetry of (a) the western extent of Brittany, and (b) the Fromveur Strait with locations of available measurements points ( for wave buoys, for current meters).
The red line in the Fromveur Strait delimits the region of interest for implementation of tidal stream devices. Water depth is relative to mean sea level. (Fig. 2) . The sur- by a region of tidal flow symmetry. Whereas density stratification effects are present in spring and summer due to the generation of offshore and nearshore thermal fronts [18] , there are minimal density effects on the tidal currents within the Fromveur Strait itself [34] . Despite the shelter provided by the isle of Ushant, the Strait experiences, due to current-induced refraction [34] , strong incoming waves from north-east and south-west directions, with average and maximum significant heights of around 1.5 and 5.0 m, respectively [16] (e.g. Fig. 2b ).
Power extraction from this site represents a promising alternative for Fig. 1-b) . Accordingly, the French company Sabella SAS is currently testing a horizontal axis tidal turbine known as Sabella D10 in this area [35] . Recently connected to the grid on the isle of Ushant, the tidal turbine aims to achieve a rated power output of 0.5 MW.
In-situ measurements
Available data used in this study consists of (1) These two periods will thus be selected for evaluating model predictions in the Fromveur Strait.
Numerical models
The numerical approach is based on the finite-element modelling system TELEMAC (version 6p3) [37, 38] is based on the coupling between (1) the 3D circulation model TELEMAC 3D [39] , and (2) the phase-averaged spectral wave model TOMAWAC [40] .
Following methods adopted by Guillou and Chapalain [18] and Hashemi et al. [29] for computing wave and current interactions with TELEMAC, the coupling procedure is restricted to (1) modifications of the wave field due to time-varying water depths and currents, effects of (2) wave-driven currents, and (3) enhanced bottom friction resulting from wave-current interactions in the bottom boundary layer. The default versions of TELEMAC 3D and TOMAWAC have been modified to integrate these three processes. The description of the numerical models focuses on these modifications.
TOMAWAC
TOMAWAC solves the evolution of the wave action density
where E is the directional spectrum of variance density, σ ω is the intrinsic frequency, ρ is the water density, and g is the acceleration due to gravity. This evolution is computed with the time-dependent spectral action balance equation [41] , expressing the conservation of action density according to different source and sink terms which generate, dissipate, or redistribute wave energy.
These terms include deep and shallow water processes such as wave growth by wind, non-linear quadruplet and triad wave-wave interactions, energy dissipation by whitecapping, bottom friction, and depth-induced breaking. Parameterisations adopted for non-linear wave-wave interactions and depth-induced breaking are taken from Guillou [42] . Energy dissipation by bottom friction is evaluated with the empirical constant value of bottom-friction coefficient suggested by Hasselmann et al. [43] . Wave growth by wind is described by the exponential term proposed by Komen et al. [44] , while wave energy dissipation by whitecapping is formulated with the saturation-based model of van der Westhuysen [45] . In the present investigation, TOMAWAC has been modified to integrate an additional dissipation term based on van der
Westhuysen [46] , limiting over-prediction of wave height on negative current gradients.
The numerical resolution is performed on a planar two-dimensional (2D) domain, meshed by means of triangular finite elements. The frequency domain is discretised following a geometric progression, whereas the interval of propagation direction is evenly distributed. The time-dependent spectral action balance equation is solved with a fractional step method, in which the convection and the source-sink term integration steps are solved successively and separately [37, 40] . The propagation step is solved with the method of characteristics, largely employed to process convection equations [47] , while the source and sink terms are integrated locally using a semiimplicit scheme. Further details about the mathematical formulations and the numerical schemes are available in the technical documentation [37] .
TELEMAC 3D
TELEMAC 3D solves the continuity equation and the Reynolds-averaged momentum equations, derived using the Boussinesq approximation and vertical hydrostatic equilibrium. The flow is assumed to be turbulent over a rough bottom, characterised by the roughness parameter z 0 , defined as the height above the seabed at which the fluid velocity is zero. The horizontal eddy viscosity is parameterised following Smagorinsky [48] . Vertical eddy viscosity is simulated with the mixing length model proposed by Quetin [49] , corrected with the damping function introduced by Munk and Anderson [50] .
The influence of wind is computed with the coefficient proposed by Flather [51] .
Wave-driven currents are simulated using radiation stress theory [12, 52] , 13 taking into account the excess flow of momentum due to the presence of waves to calculate the total current. Whereas more complex approaches exist [53] , the method used here consists of adding wave-induced forces, considered constant along the vertical, as source terms in the momentum equations [38] .
In TOMAWAC, the driving force F = (F x , F y ) is thus expressed as follows:
where d is the total water depth and S i,j with (i, j) ∈ [x, y] are the different components of the radiation stress tensor. The default version of TELEMAC 3D includes only steady-state driving forces. The hydrodynamic model has thus been modified to integrate non-stationary forces in the calculation of wave-driven currents.
A module has also been added to integrate enhancement of bottom friction felt by currents above the wave boundary layer, replacing the roughness parameter z 0 by the apparent bottom roughness parameter felt by the current above the wave boundary layer z 0b,ω . Wave effects on bottom roughness are computed on the basis of the Signell et al.'s formulation [54] , adapted from the original theory of Grant and Madsen [11] on the interactions between wave and current bottom boundary layers. Assuming a vertical logarithmic velocity profile near the bottom, the apparent bottom roughness parameter is thus expressed as
where δ ω = 2κu * cω /ω is the thickness of the wave boundary layer, κ is von Karman's constant (κ = 0.4), and ω is the wave frequency. The total wave 14 and current friction velocity u * cω = τ cω /ρ is computed from the wave and current shear stresses, τ ω and τ c , as
where φ cω is the angle between wave and current directions, and u * ω = τ ω /ρ
and u * c = τ c /ρ are the shear velocities arising from the current and the wave, respectively. The shear velocity associated with waves is given by
where f ω is the wave friction factor evaluated with the empirical relation proposed by Signell et al. [54] , and U ω is the wave bottom orbital velocity simulated by the wave propagation model. The shear velocity arising from the current alone, u * c , is finally computed assuming a vertical logarithmic profile between z 0b,ω and the first vertical grid cell above the bed.
The numerical resolution is performed on a 3D mesh made of prisms generated with a planar 2D domain composed of triangles duplicated along the vertical, following a uniform σ-transformation. The basic algorithm is split into three fractional steps [55] . The first step solves only the advection terms in the momentum equations. The second step computes, from advected velocities, new velocity components, taking into account diffusion and source terms in the momentum equations. The third and final step computes the total water depth from the depth-averaged continuity and momentum equations. Tidal flats are furthermore considered, applying a correction to free surface gradients, which are equal to the bottom gradient in absence of water and generates spurious terms in the momentum equations [39] . Further details are available in the technical documentation [38] .
The theoretical tidal stream energy per unit area (in W m −2 ) is finally calculated by the following expression:
where u is the amplitude of the horizontal current component computed by Telemac 3D.
Model setup
Models were set up on unstructured computational grids covering the western extent of Brittany, and comprising 6929 nodes for TOMAWAC and 8293 nodes for TELEMAC 3D ( CFSv2 at an hourly time step. Wave data are imposed at hourly intervals at the scale of the TOMAWAC computational domain (Fig. 3) , while zero values are considered outside. The 3D hydrodynamic model is finally driven by 13 major harmonic tidal constituents ( where n is the number of data in the discretised series considered, (x i ) and (y i ) represent the two sets of observed and simulated data, respectively. The evaluation of wave model predictions is performed against in-situ measurements of significant wave height H s , peak wave period T p , and mean wave directions at the two wave buoys throughout November 2012 (Fig. 4) .
Whereas waves experience significant inter-annual variability in the area of interest [15, 42] , the mean distribution of wave events at the shallow wave buoy established from predictions over a eight-year period [16] ( of H s and T p in agreement with estimations reported by Boudière et al. [66] at the deep water wave buoy (Table 4) 
Tidal stream power
Attention will be devoted to effects at 10 m above the bed as this corresponds to the operating height of horizontal axis turbines such as Sabella (Fig. 8-b ). Inclusion of wave forces has less influence on tidal stream power than enhanced bottom friction at the measurement point (Fig. 8) . The peak tidal stream power of 24 March 1993 is reduced by 0.49 kW m −2 with wave-driven currents (experiment B), while it is reduced by 0.59 kW m −2 with enhanced bottom friction (experiment C) (Fig. 9) . This corresponds to an instantaneous reduction in kinetic energy of 4.4 and 5.3 %, respectively. The inclusion of wave forces, however, contributes to a slight increase in tidal stream power at times of slack water (Fig. 9) , mainly because associated wave-driven currents modify the hydrodynamic flow field with noticeable effects during times of reduced tidal flow. Further, enhanced bottom friction appears to result in a more pronounced reduction of tidal stream power for south-west directed currents. This evolution is mainly attributed to the modulation of u * cω (Eq.
4) by the angle between wave and current direction. At the measurement point, | cos φ cω | is increased for south-west directed currents, in comparison with north-east directed currents. The total wave and current friction velocity is thus increased, resulting in enhanced bottom friction and a reduction in near-bottom currents during this period. This process leads to a reduction in the over-estimate of south-west directed current amplitude, as exhibited in 
Synoptic effects
The spatial distribution of averaged simulated tidal stream power during spring-neap tidal conditions of March 1993 (from 16 March, 16:55 UTC to 31 March, 15:35 UTC) (Fig. 11-a) wave forces are found to increase kinetic energy (1) in the nearshore exposed areas of the isle of Ushant, and (2) along the south-eastern part of the Strait (Fig. 11-b) . Such localised increases in tidal stream power have also been reported by Hashemi et al. [29] ; the presence of wave forces leading to new hydrodynamic current field in regions where there are strong gradients of wave radiation stresses. However, the combined effects of wave forces and enhanced bottom friction result in a reduction of available kinetic energy at the scale of the area identified for tidal stream array implementation, particularly noticeable in the north-west of the region (Fig. 11-d) . Tidal stream power is thus found to decrease by 4 % in the north-western part of the Strait, while reduced tidal stream power, restricted to 1 %, is obtained in the south-eastern part of the Strait. Whereas these differences may appear negligible with respect to uncertainty in model predictions in the area of interest, they do demonstrate a slight tendency of waves to an increase in the spatial gradient of mean available kinetic energy identified across the main flow in the Fromveur Strait (Fig. 11) . boundary for configurations W1 and W2, waves evolve within the computational domain, under the effects of tidal free-surface elevation and currents. Max. tidal stream power Wave forces are found to increase kinetic energy 10 m above the seabed along the south-eastern part of the Strait, while reducing tidal stream power in the north-western region ( Fig. 14-a) . These differences are more specifically identified at time of peak ebb currents in the Strait (Fig. 15) . During While enhanced bottom friction leads to a reduction in kinetic energy in the area of interest, synoptic differences reveal slight increases in tidal stream power ∼ 0.04 kW m −2 at the south-western and north-eastern limits of the Strait (Fig. 14-b) . Synoptic representations of depth-averaged currents during flood and ebb peaks (Fig. 16) the deeper waters of the Fromveur Strait. In the Strait, the current amplitude is reduced in exposed areas where the tidal currents act in the same direction as wave propagation, amplifying combined wave and current shear stress (Eq. 4) and the associated apparent bottom roughness (Eq. 3). These areas correspond to the north-western part of the Strait during flood, and the south-eastern part during ebb (Fig. 16) . As noted for the influence of wave forces, compensation effects of the flow through the Strait may explain the slight increase in stream power obtained in Fig. 14. 
Evolution of tidal stream power
Although wave forces are found to slightly increase tidal stream power by 1 − 2 % in the south-eastern part of the area that has been identified for array implementation, the global tendency is a reduction of kinetic energy 10 m above the bed. Over the planned tidal stream array, the averaged value of predicted mean tidal kinetic power during mean spring conditions is thus reduced, under combined wave effects (experiment D), by 2.0 % and 12 % for mean and extreme wave conditions, respectively (Fig. 17) . This reduction may reach 15.2 % of the averaged value of maximum tidal stream power over the area identified for array implementation, for extreme wave conditions (configuration W2) and combined waves effects (experiment D). These estimates are consistent with Hashemi et al. [29] , who reported a reduction of up to 15 % and 20 % for mean and extreme winter wave scenarios, respectively, at the Skerries tidal stream site in the Irish Sea. Whereas local comparison at the ADCP site shows stronger effects of enhanced bottom friction than wave forces (Fig. 8) , the global assessment at the scale of the region of interest exhibits more significant reduction due to wave-driven currents. During ex-treme wave conditions (configuration W2), the mean kinetic energy over the planned stream array is thus reduced by 7.8 % with wave forces, compared to a reduction of 5.3 % with enhanced bottom friction. These differences correspond to 11.2 and 6.5 % of the maximum available tidal stream potential. This is mainly attributed to a more significant attenuation of kinetic energy by inclusion of wave forces in the north-western part of the region of interest (Fig. 14-a) . 
Conclusions
The 3D tidal circulation model TELEMAC 3D, coupled with the wave propagation model TOMAWAC, has been applied to a region off western
Brittany to investigate and evaluate effects of (1) wave-induced forces and (2) enhanced bottom friction resulting from wave-current interaction in the bottom boundary layer on available tidal kinetic energy in the Fromveur Strait. Numerical results have been compared with a series of in-situ measurements of significant wave height, peak wave period, mean wave direction, along with data on current amplitude and direction at 10 m above the seabed.
The main outcomes of the present study are as follows. 
